Temporal and/or spatial domains of coupled multiple dipoles play a significant role in the properties of various physical systems. Magnetic domains in (anti)ferromagnets have been widely studied up to date and are utilised in modern memory devices (hard drives).
Domain formation with electric dipoles has also been observed in atomic spinor Bose-Einstein condensates 1 . In optics, polarisation domain formation is governed by modulation instability with the resultant separation of adjacent domains by a domain wall, a topological defect closely linked to soliton formation [2] [3] [4] . While scalar nonlinear effects related to solitons 5, 6 (or optical supercontinuum 7 ) have been studied extensively, little attention has been given to the spatiotemporal evolution of the polarisation (or spin) degree of freedom in vectorial optical structures. Only recently, time-localised polarisation rotations or polarisation domain walls have been reported for light travelling in nonlinear optical fibres 8 and for dissipative solitons in vertical-cavity surface-emitting lasers 9 .
In this paper we study spatiotemporal polarisation domains in a system of excitonpolaritons in semiconductor microcavities. In such highly nonlinear systems observation of a variety of quantum fluid phenomena 10, 11 , Bose-Einstein condensation 12 , BerezinskiiKostelitz-Thouless phases, superfluidity, dark and bright solitons 13 have all been reported.
Polaritons are characterised by two possible spin projections on the structure growth axis, which correspond to two opposite circular polarisations 14 . Efficient external control of the polariton spin makes microcavity based structures promising building blocks for spin-exchange terms that dominate the exciton-exciton scattering 16 , polariton-polariton interactions are strongly spin anisotropic: polaritons with same spin projections strongly repel each other, while polaritons with parallel spins interact more weakly and sometimes even attract each other 17, 18 . The interplay between spin dynamics and polariton-polariton interactions leads to a wide variety of nonlinear polarisation phenomena in microcavities. This includes spin switching 19 , spin-selective filtering 20 , polarisation dependent stability of dissipative solitons 21 , optical analogues of magnetically ordered states 22, 23 , dark half solitons 24 , and spin and half vortices 25, 26 .
Here we demonstrate formation of polariton spin domains within high-density wavepackets evolving into conservative soliton(s) in a quasi-1D system. Experimentally we resolve the full Stokes polarisation vector of the propagating wavepackets under a wide range of excitation powers, and develop a theoretical model which we validate through numerical simulations, qualitatively reproducing the experimental results. The experiments were performed in a microcavity wire (MCW): 5-µm wide and 1-mm long mesas etched from planar microcavities. Thanks to the 1D nature of polariton wires and the long polariton lifetimes (∼ 30 ps), we could reach polariton densities sufficient for formation of solitons 27 . At low excitation powers we observe polarisation precession caused by a linear in-plane effective magnetic field inside the sample. At higher excitation powers the high polariton density and an imbalance of polariton spin populations lead to an extra out-of-plane magnetic field. This nonlinear field causes, firstly, fast polarisation oscillations, and then the formation of spin domains.
Results
We performed our experiments on a 3λ /2 microcavity composed of 3 embedded InGaAs quantum wells (10 nm thick, 4% Indium) and GaAs/AlGaAs (85% Al) distributed Bragg mirrors pulsed TE-polarised pump We excited the sample using a TE polarised pulsed ( 5 ps full width at half-maxima, FWHM) laser quasi-resonant with the lower polariton branch corresponding to the ground MCW mode. The angle of incidence was k x 2.2 µm −1 , at which the effective polariton mass is negative, favouring formation of solitons 27 . We employed transmission geometry, where we applied the excitation beam on one side of the cavity (bottom) and collected emission on the opposite side (top) to avoid the reflected pump beam saturating our detectors. We In the circular polarisation basis of the cavity light {ψ + ; ψ − }, the total intensity is written 
At the lowest excitation power, P = 13 µW, polariton nonlinearity is very weak and the wavepacket propagates in the linear regime, experiencing dispersive spreading ( The last mechanism is weak at small powers (P = 87 µW) , but starts playing a critical role at higher polariton densities (P > 0.95 mW) as we discuss below in the modelling section.
The observed precession period of T 60 ps at P = 87 µW 
Model
In order to describe the polarisation dynamics of the nonlinear polariton wavepacket and understand the physical mechanisms responsible for the observed behaviour we work with the coupled spinor macroscopic cavity photon field ψ = (ψ + , ψ − )
T and exciton wavefunction χ = (χ + , χ − ) T written in the circular polarisation basis 34 . The TE-TM splitting of the photon modes is described by the operator Σ k,± = β (k x ± ik y ) 2 written in reciprocal space 35, 36 and characterised by a splitting constant β.
Propagation distance of polaritons, as well as the spatial scales of the observed effects, significantly exceed the width of the channel. This allows us to take advantage of the 1D nature of the microwire in order to simplify the formalism. Let us first consider an infinite rectangular potential well width w y where we assume the photon wavefunction to be in the form ψ ± (t, r) = 2/w y cos(πy/w y ) exp (−iε y t/ )ψ ± (t, x). The set of coupled equations for the 1D polariton envelope ψ ± (t, x) propagating in the x-direction can be written:
Excitons possess a much larger effective mass than cavity photons and their dispersion can be safely approximated as flat compared to the photon dispersion. Here, m is the effective 
Simulations
The polarisation dynamics of the resonantly excited polariton pulse are shown in Fig. 5a-c at low excitation power where Ω z Ω x , Ω y . The total intensity distribution in already demonstrates the soliton behaviour as in the experiment (Fig. 2a) . Both the linear (Fig. 5b) and circular (Fig. 5c ) polarisation components experience harmonic oscillations with frequency Ω/ = β k 2 p − π 2 /w 2 y + δ 2 / , and shifted in phase relative to each other in line with the experimental observations (Fig. 2b-c) . We note that in the weak pulse regime the effect of TE-TM splitting does not account for the appearance of oscillations in the linear polarisation S * 1 component since the effective magnetic field is oriented in the xdirection. The oscillations of S * 1 emerge when the additional splitting δ between the diagonal polarizations is accounted for in the microwire system. (Fig 5d,g ) and the S * 1 and S * 3 polarisation (Fig. 5e,h and 5f,i respectively) effects observed experimentally in (Fig. 3b-c and Fig. 4b-c) are reproduced in the modelling. The polariton pulse transforms to a soliton doublet at early stages of propagation as in the experiment (Fig. 3a) and is characterized by long streaks of constant S * 1 polarization as shown in Fig. 5e ,h again as in the experiment (see Fig. 3b ). The reason for this effect is that the Ω z component decreases as the polariton intensity decays, becoming small or comparable to the in-plane magnetic field (Ω x , Ω y )
around ∼ 50 ps. Consequently, the rotation of the S * 1 Stokes vector component halts and long streaks are formed in the microwire.
At the low excitation power in Fig. 5a -c the effective, interaction induced, z-magnetic field has its maximum absolute value of Ω z ∼ 0.01 meV at around 5 ps after the pulse.
The field is small and the polarisation precession is mainly governed by splitting between linearly polarised components. Increasing the excitation power, the Ω z component becomes We finally point out that although the polariton nonlinearity plays a crucial role in the spin domain formation, the formation of solitons in the system is only weakly influenced by the presence of effective magnetic fields from various polarisation splitting mechanisms. We find that approximately the same spatial patterns of solitons appear in the intensity of scalar wavefunctions and the total intensity of the spinor wavefunctions considered here (see Sec. B in the SM). Thus, the initial formation of the solitons at the pump spot (e.g. the pattern of total intensity summed over all polarisations which leads to non-dispersive propagation)
is dominantly a scalar effect. Separately, the nonlinear pseduo-magnetic field leads to the formation of the polarisation domain pattern on top of the solitonic total-intensity pattern.
Conclusion
We have observed nonlinear spin dynamics of polariton wavepackets in a microcavity wire. At low excitation just above the threshold of soliton formation the polarisation precession during the propagation is caused by an effective magnetic field due to splittings between linearly polarised polariton component. With increasing polariton density an extra pump-induced magnetic field due to anisotropy in the spin-dependent polariton-polariton interactions results in formation of spatially separated polarisation domains. While soliton formation is largely a scalar effect (not dependent on polarisation), it likely helps to preserve spin domains over the propagation distance due to the non-spreading nature of solitons, hence polarisation domains experience little dispersion. 
Supplemental Material
A. Pump induced effective magnetic field
In this section we demonstrate that the formation of polarisation domains in the S * 
B. Formation of solitons
In this section we investigate the formation of solitons in both spinor and scalar cases.
Our results are presented in Fig. 7 . In the absence of TE-TM and diagonal splitting we show in Fig. 7a When both TE-TM and diagonal splittings are present, the solitons diffuse faster and their streaks in the x-t plane become more spread (see Fig. 7b ). However, the general pattern remains the same and thus the formation of solitons can be attributed to a scalar phenomenon and only weakly influenced by the presence of effective magnetic fields in the MCW.
